An experimental study of a sand bed submitted to a transient water shear flow in a vertical axis cylindrical container is reported. The appearance of spontaneous phase segregation in the spiral ripple patterns is shown. Larger grains are observed to segregate on the downstream part of the ripples, while the smaller ones segregate on the upstream part. The relative repose angles between sand species have no influence on the phase segregation. The formation of sedimentary structures is presented, and is the result of ripple climbing. The "sub-critical" or "super-critical" character of the lamination patterns is shown to depend on the rotation speed of the container.
Introduction
The ripple formation on a sand bed eroded by a fluid, such as air or water, is one of the most famous phenomena of pattern formation [1] . Indeed, coastal areas as well as desert landscapes are covered by those structures. In spite of their familiar aspect, the physical mechanisms involved are related to complex dynamical processes of granular transport [2] .
Recently, sand ripples created by water shear flows have received much attention [3] [4] [5] . Previous experiments have been performed in rectangular [4] or annular [3, 5] channels. An oscillating motion of the fluid leads to ripple formation. In most cases, the created ripples are symmetric (the two slopes have the same length) because of the oscillatory motion of the fluid. On the contrary, the ripples created under a non-oscillating fluid motion are generally asymmetric [2, 6] . Indeed, the stoss slope (which is upstream) is generally larger than the lee slope (which is downstream). In coastal areas, ripples are generally asymmetric. Moreover, one should note that natural sand beds are composed of different granular species. Broad granulometric distributions are indeed observed. As a consequence, phase segregation and stratigraphy result.
In the present paper, we report a study of a binary granular sand bed submitted to a non-oscillating water flow. Patterns, similar to natural ones, are observed and discussed. In the next Section, the experimental setup is presented. The mechanisms of ripple formation are briefly discussed in Section 3. Phase segregation and sedimentary structures are observed and discussed in Section 4 and Section 5 respectively. Finally, a summary of our findings is given in Section 6.
Experimental setup
Our experimental setup is illustrated in Figure 1 and consists in a horizontal circular plate connected by a belt to an engine. The rotation speed can be adjusted from 120 rpm to 900 rpm. A cylindrical contrainer with circular cross section (14 cm in diameter) and vertical symmetry axis is filled with water (400 ml) and sand (220 ml). The container is placed in the center of the plate and put into rotation. When the rotation is brutally stopped, the sand bed is fixed while the water continues its inertial circular motion. After a short time (typically 2s), ripples are observed. A CCD camera (1) is placed on the top of the circular container and records top view images of the landscape. A second CCD camera (2) records transversal views of the granular landscape. We have performed several experiments with equal-volume binary mixtures. Sand species (S i ) differ in color, mean grain diameter d, and repose angle θ r . We used black, white and green sands sifted such that they have different granulometric distributions. Granulometric distributions are presented in Figure 2 . They are log-normal around the means d=199 µm and d=338 µm for the black sand, d=414 µm for the green one, and d=204 µm for the white one. The white (S1) and green (S2) sands have repose angles θ r = 33
• , while the black one (S3, S4) have a repose angle value of θ r = 28
• . In Figure 2 , one should note that S1 and S4 species have the same size, but different repose angles. Finally, one should note that all sand species have similar spherical shapes at the microscopic scale. parameters on the created ripples. We have made 4 different types of bynary mixtures: (i) grain species differing in size but having the same repose angle, (ii) grain species differing in repose angle but having the same size, (iii) grain species of the largest size haves the smallest repose angle, and (iv) grain species of the largest size having the largest angle of repose. Sand species are defined by the couple of intrinsic sand parameters (d, θ).
Ripple formation
A flat granular surface observed at the grain level is nevertheless rough. As a consequence, when a fluid flows over this kind of surface, a turbulent boundary layer is developed at large number of Reynolds. The fluid speed at a given height z can be written according to the Prandtl-von Kármán law [7] :
where u 0 is the fluid velocity at the reference height z 0 , chosen at convenience. Usually, z 0 is chosen to be the roughness characteristic height and is approximately z 0 ≃ d/30 for a granular sand surface composed of grains with a diameter d. K is the von Kármán constant, and u ⋆ is the shear velocity, related to the shear stress τ by
where ρ f is the fluid density.
Since the fluid flows, the grains are submitted to drag and buoyant forces. Isolated grains motion are then induced. Those possible motions are respectively saltation, reptation and suspension. As the granular motion is initiated, the surface becomes irregular and primary ripples appear. Along the lee slope of each ripple, a vortex is often created and this accentuates the erosion process. Figure 3 presents a top view of the whole landscape after the ripple formation, as well as a transverse view of one ripple. One should note the spiral shape formed by the crests of the ripples. Actually, each ripple forms a branch of the spiral. Those patterns should be related to a fluid instability. Indeed, it has been shown (see [8, 9] for example) that a fluid rotating over a flat plate can develop spatial periodic patterns in the boundary layer. Depending on the rotation speed of the fluid, the patterns are circles (low speed, R e ≈ 120), spirals (medium speed, R e ≈ 180) or disordered (high speed, R e ≈ 300) because of the turbulence in the center of the plate. Similar effects have been observed in our experiments. Indeed, at low rotation speeds (typically 300 rpm, R e ≈ 200) well defined spirals are observed. As the rotation speed is increased, the spirals branches become more and more opened. For very high rotation speeds (typically 800 rpm R e ≈ 700) a disordered-like pattern is observed.
One should note that earlier experiments [8, 9] have been performed with a fluid flowing over a solid plate. Nevertheless, the patterns observed in those experiments are very similar to those presently observed. The similarity between the experimental setups and procedures causes similarity in the fluid instability patterns of both expermients. In our case, the granular motion directly depends on the fluid speed. As a consequence, the sand and subsequently ripples keep the print of the fluid instability patterns. The detailes study of the pattern geometry is out of the scope of this work, and is let for further experiments dealing with selected paramters (wave number, Reynolds number. . . ). Figure 3 presents typical results of a series of experiments with a mixture of S1 and S4 sands. We note a spontaneous segregation of the sand species: the larger grains (black) segregate on the lee slopes of the ripples, while the smaller grains (white) are found on the stoss slopes.
Phase segregation
Experiments have been performed on all mixtures described above. We have noticed that any size difference between both granular species leads to a phase segregation. On the contrary, the angle of repose seems to have no effect on the segregation process. Indeed, sands with different repose angles do not segregate until they have different sizes. The dynamics of the phase segregation is thus mainly governed by the grain motion in the fluid, rather than the avalanche process.
The mechanisms of phase segregation can be explained as follows. Three cases of fluid motion are possible: (i) the fluid shear stress is large enough to move both grain species in saltation motion, (ii) the fluid speed is too low for allowing large grain motion, (iii) no saltation motion is allowed.
Let us begin with the first case. Because of their weight, the large grains have shorter saltation trajectories than the smaller ones. As a consequence, the large grains roll on the stoss slope of the ripples, while the small ones are deposited at the bottom of the ripples. Arriving on the crests, either the large grains are stopped due to frictional forces, or they fall down the lee slope in avalanches. Consequently, the large grains are found near the ripple crests.
The second possibility is illustrated in Figure 4 . The smaller grains are more easily carried by the fluid than the larger ones. Those small grains create a saltation fog over the sand bed. Although the fluid speed is not large enough to carry the large grains in a saltation motion, the fog capture and transports them [see Fig.4 top row]. As the fluid motion is stopped, no saltation is observed after a finite time (typically 1s). Nevertheless, the large grains are moved by reptation to the top of the ripples for a short time (less than 1 s). Arriving on the crest, they roll on the lee slope. As the shear stress is very small, they stay there. Finally, a small amount of large grains is found on the the stoss slope. The lee slope is thus covered by large grains, and the stoss one by smalle ones.
If the fluid speed is too low, only reptation occurs for both small and large grains. Tiny ripples are created and are called rolling grain ripples. As far as we know, no study has ever been performed on phase segregation in such ripples. See [3, 5] for further details on experimental study of rolling grain ripples. 
Sedimentation
We have repeated the experiment on a sand bed covered by already existing ripples instead of a flat sand bed. After formation of a first set of ripples, the container is put again into rotation. In Figure 5 we present a typical result obtained after three rotation/stop sequences. One should note the appearence of stratigraphy patterns. In order to characterize the sedimentary structures, it is common to define a vector of translation. The horizontal component of this vector corresponds to the rate of migration of the ripples, while the vertical component is the net rate of deposition. The angle of climbing α is defined as the angle between the climbing vector and the horizontal. The inclination angle of the ripple stoss slope is noted β and has to be compared to α. Depending on the values of α and β, different lamination patterns can be observed. If α < β, the lamination structure is called "sub-critically climbing", if α = β, the lamination is "critical", elsewhere the lamination is called "super-critically climbing".
In our experiment, it is possible to change the ripple rate of migration and the rate of deposition by changing the rotation speed of the container. For small values of the speed rotation, the rate of migration is smaller than the rate of deposition. In this case, we have observed a complete rippleform lamination [10] in which ripples are deposed on each other (see Fig. 5 (left) ). the angle of climbing is nearly 90
• , while the rate of migration is nearly zero. As a consequence, the sedimentary structures are "super-critical". For large rotation speeds, the rate of deposition is small while the rate of migration is large. The corresponding patterns are called inverse-graded lamination [10] and are illustrated in Figure 5 (right). The angle values are α = 19
• and β = 27
• . The sedimentary structures are thus "sub-critical".
One should note that the same kind of patterns have been observed [2, 10] and modelized [12] for aeolian sand ripples.
Summary
We discussed results from an experimental study of hydraulic sand ripples formed in cylindrical container. The fact that the ripples have a spiral shape has been suggested as the consequence of a fluid instability. In the case of binary mixtures, we have shown the appearance of spontaneous phase segregation and stratigraphy. The relative difference in size between the two sand species has been highlighted as the physical parameter leading to the phase segregation. The rotation speed of the container has been shown as a parameter leading to different lamination patterns.
